Abstract. We introduce a method for deriving aerosol spectral radiative forcing along with single scattering albedo, asymmetry parameter, and surface albedo from airborne vertical profile measurements of shortwave spectral irradiance and spectral aerosol optical thickness. The new method complements the traditional, direct measurement of aerosol radiative forcing efficiency from horizontal flight legs below gradients of aerosol optical thickness, and is particularly useful over heterogeneous land surfaces and for homogeneous aerosol layers where the horizontal gradient method is impractical. Using data collected by the Solar Spectral Flux Radiometer (SSFR) and the Ames Airborne Tracking Sunphotometer (AATS-14) during the MILAGRO (Megacity Initiative: Local and Global Research Observations) experiment, we validate an over-ocean spectral aerosol forcing efficiency from the new method by comparing with the traditional method. Retrieved over-land aerosol optical properties are compared with in-situ measurements and AERONET retrievals. The spectral forcing efficiencies over ocean and land are remarkably similar and agree with results from other field experiments.
Introduction
In this paper, we study aerosol radiative properties such as spectral single scattering albedo and asymmetry parameter as well as spectral radiative forcing from the MILAGRO (Megacity Initiative -Local and Global Research Observations) experiment (Molina et al., 2010) in March 2006. We use irradiance and aerosol optical thickness (AOT) measurements made by the Solar Spectral Flux Radiometer (SSFR, Pilewskie et al., 2003) and the 14-channel Ames Airborne Tracking Sunphotometer (AATS-14, Livingston et al., 2009) . These instruments were mounted on the NASA J-31 aircraft (based in Veracruz, Mexico) that conducted 13 research flights over the Gulf of Mexico and the Mexico City area. In previous studies, the combination of irradiance and AOT measurements was used to derive the so-called aerosol radiative forcing efficiency (Pilewskie et al., 2003; Redemann et al., 2006) . This quantity describes the change of net irradiance, F , per change of AOT, τ . Despite the broad spatial and temporal variability inherent in aerosol optical properties, there are some indications that the relative spectral forcing efficiency (forcing efficiency normalized by incident irradiance on top of the aerosol layer) lies within typical ranges. This property makes forcing efficiency a convenient concept for characterizing aerosol radiative effects even when little is known about the aerosol microphysical and optical properties. This occurs, for example, in satellite observations where usually only optical thickness is available. Aerosol radiative forcing is one of the least constrained observables in the global energy budget, in part because it is often derived indirectly, that is, calculated from aerosol optical properties (optical thickness, single scattering albedo and asymmetry parameter) which are in turn obtained from remote sensing techniques or in-situ measurements. The instrument uncertainties and various assumptions in aerosol retrievals propagate into the error bars of the radiative effects (Magi et al., 2008) . Measuring the radiative forcing directly is impossible since it would require simultaneous irradiance measurements in presence and in absence of a radiative perturbation (in this case, the aerosol layer). However, irradiance measurements in presence of a gradient in optical thickness provide the most direct way of constraining forcing efficiency, thus circumventing the need for detailed aerosol optical properties.
The gradient method requires that changes in net irradiance and AOT observed below an aerosol layer be linearly correlated. The forcing efficiency can then be obtained directly from the slope of the regression line. The measurement geometry is illustrated in Fig. 1 . Typically, only the bottom of layer (BOL) forcing efficiency is measured for the gradient method. Obtaining top of layer (TOL) forcing efficiency requires an additional flight leg above the layer along the same ground track as the BOL leg. The net irradiance measured above the layer can then be correlated with the AOT measurements from the leg below. The difference between TOL and BOL forcing is equal to the absorption within the aerosol layer; in the same way, it is atmospheric absorption that connects top of atmosphere (TOA) and surface forcing of an atmospheric constituent.
If properties other than AOT (e.g., surface albedo, aerosol single scattering albedo, sun angle) change during the measurement, the gradient method cannot be rigorously applied. In particular, a heterogeneous surface makes the gradient method impractical because changes in net irradiance are caused both by changes in the underlying surface albedo as well as in aerosol optical thickness above the leg. Also, the gradient method cannot be applied for homogeneous aerosol layers with negligible gradients in AOT (Redemann et al., 2006) .
Our new method was developed as an alternative approach that can be used over inhomogeneous land surfaces and in case of homogeneous aerosol layers. It has been adapted from a method that was originally developed for deriving aerosol single scattering albedo from absorption measurements (Bergstrom et al., 2007; Russell et al., 2002) . The new method uses spectral irradiance and AOT that are measured in a vertical profile (see Figure 1) . The aerosol single scattering albedo, asymmetry parameter, and surface albedo are derived from the upward, downward, and net spectral irradiance above and below the layer by iteratively adjusting these values in a radiative transfer model until the modeled irradiance converges to the measured irradiance at flight altitude. The AOT spectrum is required as model input. The retrieved values are then used to calculate the TOL and BOL forcing efficiencies. The new method is not limited to instantaneous forcing efficiencies that are dependent on solar zenith angle: When aerosol single scattering albedo, asymmetry parameter, and surface albedo are known, spectral and broadband forcing efficiencies can be calculated for any time and solar zenith angle, or as a diurnally-averaged quantity (Russell et al., 1997) .
There are two advantages to this new approach: (1) It does not require a horizontal gradient in AOT since the ascent or descent (ramp or spiral) provides a vertical change in AOT and net irradiance even for very homogeneous layers, such as arctic haze events. (2) By restricting a spiral to a radius on the order of a few miles, the impact of variable surface albedo on net irradiance is minimized. There are also disadvantages: (1) Irradiance data from spirals are prone to attitude-correction errors if the optical inlets are not actively stabilized (Wendisch et al., 2001; Bucholtz et al., 2008) . This can be partly remedied by flying spirals that have short straight and level sections. (2) Even when limiting the horizontal coverage of the vertical profiles, a horizontal component reflecting variability in the underlying surface or in aerosol parameters may remain; also, the new method requires stability of the aerosol properties during the time of the measurement. (3) Throughout the profile, the footprint (the circle from within which half of the signal originates) of the downward looking irradiance sensor increases with altitude, introducing sensitivity to heterogeneous surface and aerosol conditions.
In Sect. 2, we introduce the measurements and the new method. For one over-ocean case, we compare results for aerosol spectral forcing efficiency with those obtained directly from the gradient method. For one case over land, we show that heterogeneities in land surface albedo prohibit the use of the gradient method, and compare single scattering albedo and asymmetry parameter derived from the new method with in-situ measurements and with retrievals from Aerosol Robotic Network (AERONET) stations in the Mexico City area. In Sect. 3, we present detailed results and put them in the context of other measurements. In Sect. 4, we discuss some of the measurements of surface albedo, and its variability (see also Coddington et al., 2008) . Sect. 5 contains discussion of results, conclusions, and future work.
Data and methodology

The MILAGRO experiment
The objectives of the MILAGRO experiment are described by Molina et al. (2010) . The J-31 was dedicated to radiometric measurements and remote-sensing of aerosol layers in the Mexico City area (5 flights) and over the Gulf of Mexico (8 flights). Most flight segments described in this paper were conducted under cloud-free conditions. Figure 2 shows the flight tracks of the J-31 on 13 March 2006 (a: case over ocean), and on 19 March 2006 (b: case over land). The flight altitude is color-coded. Within this study, we used two cases over ocean (10 and 13 March 2006), and two cases over land (6 and 19 March 2006) . Normal flight patterns included lowaltitude runs to characterize AOT gradients. When possible, a high-altitude (above-aerosol) leg along the same groundtrack was added for aerosol absorption and TOL forcing efficiency measurements. Over sea, the low-level leg could be flown at 30-40 m above sea level (ASL). Over land, air-traffic control restricted the minimum flight altitude, and the airplane was usually not permitted below 300 m above ground level (AGL). Co-located high-and low-level legs and spirals were flown even over land. On 19 March 2006, the evolution of aerosol optical properties was traced from the source (around the ground site T0, Mexico City), to T1 and T2 (regions NE of Mexico City that were affected by urban outflow). In Fig. 2b , the labels T0, T1, and T2 denote ground stations where extensive aerosol in-situ observations and limited radiometric measurements were made. In addition to the existing AERONET station in Tamihua (northwest of Veracruz), sun-sky photometers were placed at T0, T1, and T2 for the duration of the field experiment.
Radiative quantities
Optical thickness andÅngström parameter
The aerosol optical thickness, τ , is defined as the columnintegrated extinction. It is comprised of the aerosol scattering and absorption optical thickness, τ sca and τ abs : τ tot = τ sca + τ abs . The ratio between scattering and total optical thickness is the column aerosol single scattering albedo: = τ sca /τ tot . The spectral dependence of the AOT contains information about the particle size distribution. TheÅngström parameter, a, describes the decrease of AOT with wavelength λ: τ (λ) = τ (λ 0 )×(λ/λ 0 ) −a . For small particles, a is large (steep spectral dependence); for large particles, the optical thickness does not strongly depend on wavelength and a is small.
Irradiance and related quantities
Irradiance comprises the radiative energy per unit time and area. The net irradiance, F , (or net flux density) is the difference between downward and upward irradiance, F ↓ and
The albedo is the ratio between upward and downward irradiance: α = F ↑ / F ↓ . The layer-absorbed irradiance is obtained from the difference of net irradiance above and below the layer, provided that no radiation escapes horizontally (Chandrasekhar, 1960) . This is sometimes referred to as flux divergence, although flux divergence also includes horizontal contributions. We ignore horizontal heterogeneities and thus horizontal transport of radiation in our one-dimensional approach, assuming that the studied aerosol layers are homogeneous (which is only an approximation as will be discussed below). In radiative transfer calculations, the Mie scattering phase function is often replaced by the Henyey-Greenstein (HG) phase function that can be represented by a single value, the asymmetry parameter, g. The asymmetry parameter is the first moment of the scattering phase function and is related to the mean scattering direction (g = 1: entirely forward, g = −1: entirely backward). For irradiance calculations in air or aerosol layers, the HG approximation is sufficient (see, however, Wiscombe and Grams, 1976; Coakley and Chylek, 1975) . In such cases the only parameters needed for describing the air or aerosol optical properties are AOT, single scattering albedo, and asymmetry parameter.
Radiometric measurements
For this study, aerosol optical thickness was obtained from AERONET stations and AATS-14. The AERONET sunsky retrievals (Dubovik et al., 2000) provide wavelengthdependent AOT (and thusÅngström parameter and size information), aerosol single scattering albedo (related to absorption), and asymmetry parameter (which also contains size information). The latter two retrieved quantities are possible for a minimum mid-visible AOT of 0.4 among other conditions. The airborne sunphotometer, AATS-14 (Russell et al., 1999; Livingston et al., 2009) , provided total aerosol optical thickness at 14 wavelengths (and thusÅngström parameter). The AATS-14 data were masked for cloud occurrences and corrected for molecular scattering and gas absorption . A pre-and post-experiment calibration at Mauna Loa, Hawaii, showed a radiometric stability of better than 0.5% in most channels, translating into AOT uncertainties of 0.002 to 0.006.
The SSFR measured downward and upward spectral irradiance over the spectral range 350-2100 nm, with 8-12 nm spectral resolution. Both optical inlets were fix-mounted on the aircraft fuselage and connected to the spectrometer system through optical fibers. The wavelength calibration and the optical inlet correction factor related to the incidence angle (so-called cosine-response) were determined in the laboratory prior to the field experiment. An absolute spectral calibration with a NIST-traceable light source (1000 W lamp) was performed before and after the experiment. The nominal radiometric uncertainty is 3-5% across the spectral range. During the field experiment, the stability of the calibration was monitored with field-calibrators; the flight-to-flight stability was better than 1%.
The data were corrected for the angular response of the light collectors and for changes in downward irradiance due to aircraft attitude. The attitude correction was necessary because the light collector reference plane (i.e., SSFR horizon) did not always coincide with the actual horizon due to changes in aircraft pitch, roll, and heading. The correction method (Bannehr and Schwiesow, 1993; Bucholtz et al., 2008) uses the measured attitude angles, offset angles between the aircraft inertial reference system and the optical inlet plane, and the time lag between the GPS time and SSFR time. The maximum angular deviation of the aircraft (and SSFR) attitude with respect to the horizon was limited to 3 • . This filter was required because the upward irradiance could not be corrected and because the downward correction is limited to small deviations from horizontal aircraft alignment and cannot account for effects from clouds, the surface, or nearby mountains. The filter was relaxed only if no horizontal sections with low roll angles were encountered (in spiral measurements). The error introduced into irradiance by deviating from horizontal alignment was analyzed by Wendisch et al. (2001) and Bucholtz et al. (2008) . For the encountered solar zenith angles, a misalignment of 1 • results in 1% uncertainty in downward irradiance. Additional uncertainty is introduced by the angular response of the light collectors which are also affected by horizontal misalignment. This error in net irradiance, as well as the attitude-related error for the upward irradiance, can only be quantified empirically. From spiral measurements, the attitude-related systematic error is estimated to be 2%.
Derivation of aerosol radiative forcing efficiency
Gradient method
The instantaneous aerosol solar forcing efficiency (Redemann et al., 2006) is derived from simultaneous changes in aerosol optical thickness at a mid-visible wavelength (499 nm), τ 499 , and spectral net irradiance, F λ . Both quantities are linearly correlated and the resulting slope is the spectral forcing efficiency E λ :
The relative forcing efficiency: e λ = E λ /F ↓ λ ×100% (where F ↓ λ is the downwelling irradiance at the top of the layer) can be used to compare aerosol radiative forcing from different experiments since it is fairly independent of aerosol loading (AOT) and, in contrast to E, is also independent of downwelling flux at layer top (which varies with solar zenith angle, time of the year, etc.). Prior to regressing irradiance and optical thickness, the downward irradiance must be corrected for changes in solar zenith angle (SZA). Redemann et al. (2006) use a correction formula from Russell et al. (1999) that requires radiative transfer calculations. Here, we use a more straightforward approach: The corrected irradiance for µ 0 =cos(SZA(t 0 )),
is close to the uncorrected irradiance F ↓ (µ(t)) if the time span t of the measurement is short and thus if the range of µ values ( µ) is small; µ 0 is chosen in the center of this range (µ 0 ≈<µ>). Redemann et al. (2006) find that τ >0.05 and µ/ τ 1 are necessary conditions for the gradient method to work. The latter condition does not hold when a gradient occurs over a long distance or time. Figure 3 illustrates results using the gradient method for 13 March 2006 where SSFR net irradiance is plotted versus AATS-14 AOT (both at 499 nm wavelength). Measurements below the aerosol gradient are shown as black open circles. They are grouped in two domains that correspond to optical thickness values of about 0.15 and 0.27 ( Fig. 6 shows optical thickness as a function of longitude). These two domains were separated by a dissipating cumulus cloud around 96.6 • W. Both irradiance and optical thickness data were screened for clouds in order to avoid cloud edge effects. For AATS-14, a cloud flag was created based on the spatial variability of transmission measurements at a resolution nine times higher than the resolution of reported AATS AOT ). For SSFR, cloud-contaminated data were removed manually.
The slope of the linear regression (black line) represents the BOL forcing efficiency. Since the range in optical thickness was below the limit of applicability of the gradient method ( τ ≈0.05) for the individual legs, we combined both domains in the regression. This is not entirely justified: As we will show later (Sect. 3, Figs. 6 and 7), the two domains belong to two different air masses with different single scattering albedo and aerosol asymmetry parameter. When regressing the BOL measurements individually (not shown), different slopes and thus forcing efficiencies are obtained (higher in the western part, and lower in the eastern part). The same is true for the TOL forcing efficiencies.
The closed circles show the TOL measurements that retraced the low-level leg along the same flight track. The AOT values used for the TOL leg were obtained from the closest latitude and longitude along the low-level leg since AATS-14 only measures the fraction of AOT that is located above the aircraft. In Fig. 2a , the coordinated legs are labeled "flux divergence legs". They are delimited by an upward spiral in the east and a downward spiral in the west. The difference between the mean TOL net irradiance in the western and eastern domain (2%) can be attributed to different single scattering albedo values in the two air masses (Fig. 6 ).
New method
The starting point for the new approach are two pairs of irradiance spectra from SSFR: one above {F ↑ top , F ↓ top } and one below {F ↑ bot , F ↓ bot } an aerosol layer and its spectral optical thickness τ , which can be obtained from a selected latitude and longitude (denoted X in Fig. 1 ) along the TOL leg (altitude Z top ) and BOL leg (altitude Z bot ) of flux divergence legs, or from vertical profile measurements. The red symbols in Fig. 3 show attitude corrected net irradiance vs. AOT measurements from a spiral vertical profile near the western end of the flux divergence leg on 13 March 2006. In this case, the slope of the regression (dash-dotted red line) cannot be used to determine forcing efficiency directly because during the profile, changing portions of the aerosol layer were above and below the aircraft. At τ = τ bot = 0.29 (this is at the bottom of the spiral below the layer), the net irradiance on the regression line is 1.24 W m −2 nm −1 -the same value as on the low-level gradient leg at τ = 0.29. On top of the spiral, at τ = τ top = 0, the entire aerosol layer is below the aircraft, and ↓ bot } are obtained by regressing the upward and downward irradiance against optical thickness in the same way as discussed above for net irradiance. From the regression lines {F ↑ (τ ), F ↓ (τ )} the TOL irradiance pair can be obtained at τ = τ top , the BOL pair at τ = τ bot . In Fig. 3 , the individual attitude-corrected measurements (red circles) deviate from the regression line (red dash-dotted line) by about ±2% which is caused by residuals in the attitude correction that cannot be accounted for. This is the basis for the empirical error given in Sect. 2.3. The error in the slope of the linear regression also provides estimates of the uncertainty of the BOL and TOL irradiance pair: 0.5% in this case.
In the next step, the publicly available radiative transfer model libRadtran (Mayer and Kylling, 2005; www. libradtran.org) with SBDART (Ricchiazzi, 1998) for atmospheric molecular absorption is used to calculate upward and downward irradiance above and below the layer for the specified wavelength and solar zenith angle. The profile of spectral aerosol extinction (one input parameter) is derived from the AATS-14 measurements within the layer, that is, between τ = τ top and τ = τ bot . A value of τ top >0 indicates an additional aerosol layer aloft which is included in the 7834 K. S. Schmidt et al.: New method for deriving aerosol solar radiative forcing absorbed irradiance
irradiance above layer profile above Z top . The aerosol extinction below Z bot was determined either from the difference of the optical thickness retrieved at a nearby AERONET station and the value τ bot from AATS-14 (as in Coddington et al., 2008) , or by extrapolating the AATS-14 extinction profile within the layer down to the surface. Where available, extinction profiles from a High Spectral Resolution Lidar (HSRL, Hair et al., 2008) can be used in future applications. Additional model input such as atmospheric profiles (including relative humidity) was derived from the J-31 meteorological measurements. The extraterrestrial solar irradiance was taken from Kurucz (1992) at 1 nm spectral resolution. Figure 4 shows a flowchart of the algorithm where single scattering albedo, , asymmetry parameter, g, and surface albedo, α, are iteratively adjusted until the modeled irradiance converges with the measured irradiance (index i is incremented in each iteration step): 3. Using the reflected upward irradiance rather than the transmitted downward irradiance in step 2, retrieve a second value for the asymmetry parameter, denotedĝ, while leaving the surface albedo and single scattering albedo constant.
4. Repeat loops 1-3 until the values for , g,ĝ and α are stable, that is, | i+1 -i |<0.001 and |g i+1 -g i |<0.01.
The exponents in 1b (1/10) and 2b (2) were chosen empirically to optimize convergence speed. They do not affect the result itself. The physical interpretation of g andĝ is identical (first moment of the scattering phase function). Since the asymmetry parameter can be retrieved through transmitted (g, step #2) or reflected irradiance (ĝ, step #3), g andĝ are technically regarded as independent retrievals (although g from #2 is used as initial value forĝ in #3) that are compared afterwards. For a low order scattering atmosphere, g is almost independent of α. The opposite is true forĝ which can only be properly retrieved if the value for α is correct. The difference between g andĝ is a measure of the retrieval consistency. The rescaling in step #2a ensures that the modeled downward irradiance on top of the layer is consistent with the measurements. This is necessary because of uncertainties in the extraterrestrial irradiance. Rescaling all four irradiance components is equivalent to rescaling the extraterrestrial irradiance in the model. In this way, the irradiance values are effectively normalized with respect to F ↓ top,c . In most cases, C is close to unity. If the rescale factor C falls outside the 5% range (0.95<C<1.05), the retrieval failed (for example, due to undetected clouds that were not properly screened out). Furthermore, the retrieval is rejected if the difference between g andĝ is larger than 0.05, or if no convergence is reached after ten iterations.
The surface albedo adjustment in step #2c is based on the calculated and modeled flight level albedo at Z bot , following formula (1) in Coddington et al. (2008) . It is important to note that the extinction profile and the single scattering albedo and asymmetry parameter below Z bot have an impact on the retrieved surface albedo. In absence of detailed knowledge about the aerosol properties below Z bot , the retrieved surface albedo can be understood as effective surface albedo given the assumed aerosol properties. A poorly characterized aerosol below Z bot has no implications for the accuracy of the retrieved value of and g within the layer, nor on the derived forcing efficiency because the effective surface albedo is constrained by the measured irradiance at Z bot .
We found that the single scattering albedo part (step #1) of the algorithm was far less sensitive to model-measurement disagreement in downward TOL irradiance than the asymmetry parameter (similar to Bergstrom et al., 2010) . When turning off the rescale factor, C, the results for single scattering albedo were only slightly affected. However, the values for g andĝ differed considerably, and sometimes no convergence was reached. Figure 5 shows a two-dimensional retrieval plot of g and , for five SSFR wavelengths (19 March 2006) . The two small crosses within each circle represent the retrieved pairs of { 0 , g 0 } and { 0 ,ĝ 0 } where the length of the cross bars spans the retrieval range resulting from the uncertainty in AOT. The retrieval range due to the AOT uncertainty, τ , is simply calculated by running the retrievals with aerosol profiles that correspond to τ − τ and τ + τ . At 1558 nm, the retrieval is rejected because the values of g andĝ are 0.05 apart. The circles indicate the boundaries within which residual formula above, identical weight is given to the three irradiance components. In lieu of a more rigorous error propagation analysis for the new algorithm, we use this root mean square method for testing the sensitivity of the retrievals to the input parameters. Since the irradiance components effectively enter the algorithm relative to the value of F ↓ top , the absolute radiometric uncertainty is irrelevant for error propagation. The irradiance error is between 0.5% (uncertainty of extrapolated irradiance pairs from spiral measurement, illustrated in Fig. 3 ) for spiral measurements and 2% for flux divergence measurements (accuracy of attitude correction). For Fig. 5 and throughout the remainder of this manuscript, we chose 1% accuracy for defining the circle boundaries and error bars. Apart from the different errors (2% and 0.5%) associated with flux divergence and spiral (profile) measurements, the retrieval technique is identical.
The shape of the residual plots shows that the single scattering albedo is better constrained than asymmetry parameter. The value of 0 is only weakly dependent on g 0 . For example, 0 varies from 0.63 to 0.55 for g 0 =0.57...0.95 (at 499 nm). In Bergstrom et al. (2007 Bergstrom et al. ( , 2010 , only absorbed irradiance is used for the retrieval of 0 , and the result is almost independent of the choice of g. For the new algorithm presented here, the sensitivity to g (although weak) is desired and comes from the separate use of F ↓ and F ↑ in the algorithm. The retrieved , g and α are used to derive the TOL and BOL radiative forcing efficiencies: First, the net irradiances on top and at the bottom of the layer are calculated for a set of values of τ , ranging from τ =0 (clear-sky, unperturbed conditions) to τ = τ bot (perturbed condition). The forcing efficiency is obtained from the slope of the regression line as in the gradient method, or simply from the ratio (F net (τ bot )-F net (0))/τ bot . In cases where the aerosol layer extends below the low-level leg (often the case in the Mexico City area), the value of τ bot does not represent the entire layer, and the derived TOL and BOL aerosol forcing is less than when using the total column-integrated value for τ as available from AERONET. However, the forcing efficiency is an intensive quantity (forcing normalized by optical thickness) and is therefore not sensitive to any particular choice of Z bot or vertical extent of the probed aerosol layer.
For the spiral in Fig. 3 , the solid and dotted red lines represent the calculated net irradiances. Their slopes are the BOL and TOL forcing efficiencies, respectively. The modeled BOL forcing efficiency is similar to its directly measured counterpart (i.e., the slope of the solid red line is similar to that of the black line). The offset between the lines is below 2%, which is consistent with the attitude correction errors.
Results
Instantaneous forcing efficiencies are given by the slopes of the solid (BOL) and dotted (TOL) lines in Fig. 3 . Table 1 gives a complete overview of forcing efficiencies, single scat- tering albedo, asymmetry parameter, and surface albedo for 499 nm on 13 (ocean case) and 19 March 2006 (land case). For the ocean case, irradiance spectra from the eastern flux divergence leg at 96.26 • W were chosen, and , g,ĝ, and α were retrieved with the new method. Nearby (96.20 • W), measurements during a spiral profile were used. The retrieved values for and g, as well as forcing efficiency are nearly identical (Table 1 ). This shows that the new method provides the same results, regardless of whether the required irradiance pairs below and above the layer are taken from collocated horizontal legs or from a vertical profile (Fig. 1) . From the measurements on the western flux divergence leg, a pair of measurements was picked at 97.20 • W. A spiral was also flown at 97.20 • W, yielding slightly higher results for .
The BOL relative forcing efficiencies e derived from the spirals and flux divergence legs range from −24% to −28% on the eastern and the western leg; a value of −20% was derived from the gradient method. The TOL relative forcing efficiencies range from −9% to −5% (west to east). The directly measured TOL forcing efficiency (about 0%) is unphysical because the two underlying air masses have different properties: The single scattering albedo in the west is 0.90, as opposed to 0.86 (more absorbing) in the east; the asymmetry parameter is 0.68 in the west, as opposed to 0.76 in the east (larger particles).
Since the pairs of irradiance are available along the entire flux divergence leg, the retrievals can be done for each individual point along the leg. Figure 6 shows the single scattering albedo (black) and optical thickness (blue) as a function of longitude. The single scattering albedo varies from around 0.90 to 0.86 for the western and eastern legs, which is in agreement with the results obtained from the two spirals. The error in (not shown) is composed of the two contributions discussed in Sect. 2.4.2. It increased from ±0.02 in Table 1 . Aerosol optical properties and BOL/TOL forcing efficiencies from SSFR gradient legs (direct measurement) and measurement/model approach for the cases on 13 and 19 March (over ocean and over land), at 499 nm. No and g values were retrieved from the direct forcing measurements (gradient legs). Instead, the ranges of optical thickness τ and length x in kilometers are indicated. For measurements over land, AERONET retrievals of and g, as well as the derived surface albedo value α are shown, and the measurements are arranged from south to north (increasing distance from the source) going down the table. the west to ±0.06 in the east. This increase is related to the lower optical thickness on the eastern leg: A decreasing AOT generally decreases the sensitivity of the retrieval. Figure 7 shows the asymmetry parameter for the same leg as in Fig. 6 . It increases towards the east, indicating more forward scattering and thus larger particles. A related quantity, theÅngström exponent as derived from the AATS-14 wavelength-dependence of optical thickness, is also shown (red), suggesting a similar trend with respect to the aerosol size distribution. The SSFR-derived asymmetry parameter has an uncertainty of 0.06 in the west and up to 0.15 in the east (not shown), again due to the different AOT. In the east, the uncertainty is as large as the increase in g itself. The highest uncertainty values (0.15) occur below a mid-visible AOT of 0.15, which can be regarded as the lower limit of AOT required for a successful g retrieval. Figure 8 shows an overview of spectral relative forcing efficiency, single scattering albedo, and asymmetry parameter (from top to bottom), for two cases over ocean (left) and two cases over land (right). AERONET retrievals of and g, insitu measurements of , and Mie calculations for g are only shown for the land cases. T0, T1, and T2 denote the ground stations in (T0, near the airport) and around (T1, T2) Mexico City (see Figure 2b for exact locations). The mid-visible wavelength of 499 nm (used in Figs. 3, 6, 7 and Table 1 ) is marked with a dashed line. For more clarity, error bars are sometimes omitted.
The 19 March case (in right-hand panel) was used to check the consistency of the results from the new method with the direct measurement of forcing efficiency over land. The thick black and magenta lines in Fig. 8b show the BOL relative forcing efficiency as derived from the gradient method. The leg labeled T1/T2 (black line) was located between T1 and T2. It was traced back at higher altitude along an almost identical ground track. Along these collocated flux divergence legs, three irradiance pairs were picked at 19.860 • N, 19.885 • N, and 19.915 • N, and the local forcing efficiencies were calculated via the retrieval of and g. In addition, a spiral near T2 was used (20.01 • N). Detailed results for 499 nm are shown in Table 1 . While the calculated BOL relative forcing efficiencies are mutually consistent (around 25-35%), the directly measured value in the T1/T2 area is substantially higher (46%). This mismatch is probably due to the gradient in surface albedo (0.11 to 0.13 at 499 nm) that occurred over the T1/T2 gradient leg. This 17% change introduces a bias in the regression line, and the slope no longer reflects forcing efficiency alone. For this reason, the gradient method is inappropriate here.
The disagreement between directly measured forcing efficiency (from the gradient method) and modeled forcing efficiency (from the new method) occurs across the entire spectrum. In Fig. 8b , the T1/T2 gradient forcing efficiency (thick black line, labeled "BOL T1/T2") is larger in magnitude than the flux divergence retrieval results north of T1 (thin black line, labeled "∼T1", at 19.885 • N), near T2 (blue line, labeled "∼T2", at 19.915 • N), and the spiral results at T2 (green line, labeled "T2", at 20.01 • N). Another gradient leg was flown near T0 (magenta line, labeled "BOL T0"), complemented by a descent into the aerosol layer in the same area (gray line, labeled "T0"). The latter was used for { , g} retrievals in the same way as the spirals. In this case, the directly measured forcing efficiency (T0 gradient, magenta) is smaller in magnitude than the modeled values (T0 descent, gray) up to a wavelength of 700 nm, and larger above. The cross-over is an artifact related to the increase of the surface albedo between 700 and 750 nm (see Fig. 9b, black line) . In addition, the directly measured forcing efficiency spectrum depends on the choice of the length of the gradient leg. The two factors together are indicative of a bias due to heterogeneous surface albedo. The spectral single scattering albedo and asymmetry parameter associated with the forcing efficiencies in Fig. 8b are shown in Fig. 8d and f. For selected cases, the TOL forcing efficiencies were added to Fig. 8b (dotted lines) . The extreme BOL forcing efficiency of 65% at 499 nm near T0 can be traced back to an extremely low value of ≈0.6 -as opposed to 0.74 to 0.91 for the other sites. Selected groundbased observations are shown in magenta: Corr et al. (2009) show that there is a strong diurnal pattern, where minima in occur at different times of the day depending on the site and altitude. This makes a direct intercomparison difficult.
The spectral shape of the asymmetry parameter (Fig. 8f ) stands out for the spiral at T0 (19 March in gray). In all other examples, including those from above the sea (Figure 8e ) and another spiral over T0 on a different day (6 March, red line in Fig. 8f ), g decreases with wavelength. An increase with wavelength is atypical. However, this behavior is not necessarily an artifact. Mie calculations show that for spheres with 0.5 µm radius (gray dash-dotted line, Fig. 8f ), the asymmetry parameter does increase up to 500 nm. In contrast, the aerosol particles that prevailed around T0 on 6 March (red line) appear to be smaller: In this case, the spectral shape of g (decreasing with wavelength) is approximated by Mie calculations for 0.2 µm radius particles (red dash-dotted line). Results from other studies are shown in magenta: a range of AERONET-retrieved g (440 nm) at T0 for the entire month (Corr et al., (2009) and a MFRSR-retrieved range of g for five days during March near T0 (Barnard et al., 2008) . The AERONET retrievals of g from T0 are shown in black (19 March) and red (6 March).
Generally, due to the limited data set acquired by the J-31, we cannot unambiguously detect an evolution of and g from the source(s) downwind to the outflow regions. Rather, the measurements on the 19 March and other days most likely occur in areas where the pollution has a variegated origin. For example, as shown in Table 1 , the single scattering albedo increases from south (T0) to north (T2), as expected for the urban outflow air mass, but drops back to lower values in between those sites (e.g., at 19.885 • N), probably because younger plumes are intercepted on the way. Under these conditions, it is hard to compare airborne retrievals with ground-based measurements. It is also unsurprising that the agreement with AERONET retrievals from the site at T0 for 6 and 19 March 2006 is poor (for single scattering albedo and asymmetry parameter), since the sampling volumes and times are different.
Given the large variability in and g, it is surprising that the magnitude and spectral shape of the relative forcing efficiencies are quite similar over ocean (Fig. 8a) and land (Fig. 8b) . When excluding T0 measurements, the "campaign-average" relative forcing efficiencies range from −30% at 400 nm to −10% at 1000 nm at BOL, very similar to measurements by Redemann et al. (2006) for INTEX-NA (Intercontinental chemical Transport Experiment -North America). The TOL forcing efficiencies vary between −10% (slightly cooling) and 0% (no radiative effect) across the spectrum. Exceptions are the air masses over ocean that were measured on the eastern part of the flux divergence leg on 13 March, and the one on 10 March, with a value of about −30%. The reason for the deviation from the other cases lies in the single scattering albedo for 10 March and asymmetry parameter for 13 March (see Fig. 8c and e) . Possibly, this different behavior is associated with a humidified aerosol with large particle size. This explanation is supported by the Angström parameter (Fig. 7) which decreases in magnitude from west to east, along with an increase in asymmetry parameter. Differences between individual forcing efficiency spectra occur mainly in the near-UV. This is mainly caused by the strong UV absorption of black and organic carbon (see Bergstrom et al., 2010) .
Surface albedo measurements
As discussed earlier, the retrieval of g and (to a smaller degree) depends on the underlying spectral surface albedo. a b Fig. 9 . Surface albedo retrievals over ocean (a) and land (b). The dotted lines in (a) show the flight level albedo, the solid lines the spectra corrected for the effects of the atmosphere for a high-level leg (blue) and a low-level leg (red). The black dots stem from the new retrieval algorithm for 10 March. In (b), the lines show the atmospherically corrected results using the algorithm by Coddington et al. (2008) ; the symbols show the results from the new algorithm at nearby locations.
Also, the forcing efficiency is a function of surface albedo (Russell et al., 2002; Bierwirth et al., 2009) . We therefore show some typical surface albedo results from the MI-LAGRO experiment. Detailed comparisons of along-flighttrack surface albedo with satellite-derived values and surface data are given by Coddington et al. (2008) . The original correction technique including aerosols was first introduced by Wendisch et al. (2004) . The challenge in deriving surface albedo from aircraft or satellite measurements lies in the atmospheric correction where albedo at flight-level is converted into the values at the surface. The correction for the molecular scattering in the layer between the surface and the aircraft is straightforward. However, in the presence of an aerosol layer with unknown optical properties and spatial heterogeneity, the atmospheric correction is difficult. Further problems arise within atmospheric absorption bands, especially because the concentration of water vapor, the strongest gas absorber in the solar wavelength range, is typically poorly known. In our new approach as described in Sect. 2.4.2, the surface albedo is a "by-product" of the retrieval of and g. In Wendisch et al. (2004) and Coddington et al. (2008) , the aerosol properties were taken from AERONET retrievals or in-situ measurements. Here, all values are retrieved simultaneously. However, the new method can only be used at locations where pairs of above-and below (or in-) layer measurements of irradiance are available, like in spirals or flux divergence legs. For the retrieval of surface albedo along an entire flight leg at one level such as in Coddington et al. (2008) , the new method can therefore not be used. Another limitation is that if the aerosol properties below the low-level leg are unknown, assumptions have to be made. In some cases, optical thickness or even single scattering albedo and asymmetry parameter can be obtained from ground-based observations. If those are unavailable, the extinction profile from AATS-14 is usually extrapolated to the ground, and the single scattering albedo and asymmetry parameter retrieved within the layer are also used for the layer between the surface and the lowest flight leg. Under these circumstances, the resulting surface albedo should be called "effective surface albedo", given the assumed aerosol properties of the lowest aerosol layer. The choice of aerosol properties below the lowest flight leg and thus the effective surface albedo have only minor consequences for the derived forcing efficiency since the BOL irradiance pair constrains F net (τ bot ). To first order, it is sufficient to know the effective surface albedo for the calculation of the clearsky value F net (0). Coddington et al. (2008) performed tests that showed the sensitivity of the retrieved surface albedo to single scattering albedo, asymmetry parameter, and optical thickness below the aircraft. They are not reproduced here because they are only of minor relevance for the forcing efficiency calculations. Figure 9 shows selected results of surface albedo over ocean (a) and land (b). The lines show the spectral surface albedo from the method of Coddington et al. (2008) ; the points show the results of the new method at some of the AATS-14 wavelengths. The dotted lines in Fig. 9a show the flight level albedo. To test the algorithm of Coddington et al. (2008) , data from a high and a low flight leg over the ocean were processed, resulting in similar sea surface albedo spectra (blue and red lines). The sea surface albedo for 10 March was determined using the new method. The negligible deviation in surface albedo on 13 March can be regarded as a measure of sea surface albedo variability.
Over land, the red and black lines show the retrieved surface albedo near T2 and T0 from the method by Coddington et al. (2008) , where aerosol properties from AERONET were used for the atmospheric correction. The new method was applied for data from 19 March 2006, the aforementioned spiral near T2 and the descent near T0 (red and black symbols). For T0, close agreement with the Coddington et al. (2008) results is observed. The results from 6 March 2006 west of T0 are also shown (blue symbols). A sensitivity analysis of retrieved surface albedo to aerosol properties (single scattering albedo, asymmetry parameter, and optical thickness) is presented in Coddington et al. (2008) . In the T2 area, the surface albedo heterogeneity is larger than around T0. The range is indicated by plotting spectra from the neighborhood of T2 (19 March 2006) : from an area between T1 and T2 (red symbols), and from a location northwest of T2 (green symbols). The variability is about ±15%, which means that, as noted before, the gradient technique for forcing efficiency is not possible in this area.
Conclusions
We introduced a new method that allows for the simultaneous retrieval of aerosol single scattering albedo , asymmetry parameter g, and surface albedo α, and for deriving measurement-constrained aerosol forcing efficiencies on top and at the bottom of an aerosol layer (TOL and BOL) from airborne aerosol optical thickness and irradiance measurements. This method is useful when a measurement of the forcing efficiency with the gradient method (Redemann et al., 2006) is impractical because (a) the gradient of AOT is too weak, (b) the underlying surface heterogeneity introduces a bias in measured upwelling and net irradiance, (c) the aerosol optical properties ( , g) change during the flight leg, or (d) the solar zenith angle changes too much during the flight leg. In contrast to the gradient method, the new approach can be used to measure aerosol properties at specific locations provided that pairs of irradiance above and below the layer are available. In this way, measured vertical profiles of irradiance and AOT allow for deriving forcing and aerosol optical properties even in the absence of a horizontal gradient in AOT. The spiral measurements minimize the error induced by surface albedo heterogeneity on the local forcing efficiency. The new method was tested for two cases over land and two cases over ocean. It gave consistent results for single scattering albedo, asymmetry parameter and forcing efficiencies, no matter where the required irradiance pairs were extracted: from vertically stacked legs (flux divergence legs), spirals, or ramps. We also showed that the aerosol single scattering albedo and asymmetry parameter, as retrieved point-by-point along a flux divergence leg over ocean, varied considerably. Both AATS-14 measurements ofÅngström exponent and SSFR retrievals of asymmetry parameter revealed the same trends with respect to the size distribution of the sampled aerosol.
Over land, the surface albedo heterogeneity biased the slopes of the regression line between net irradiance and aerosol optical thickness, and thus the gradient methodderived forcing efficiency. This is why the gradient method is traditionally only used over ocean. However, even over ocean, the AOT gradient-derived forcing efficiency agreed only marginally (within the limits of uncertainty) with that obtained from the new method. The reason is that the measurements occurred in two distinct air masses with different aerosol radiative properties. This prohibits using the gradient method where only AOT is allowed to change over some distance. Along-track retrievals of aerosol properties from the new method showed that single scattering albedo and asymmetry parameter were indeed different in each of the air masses.
The results of aerosol optical properties over land were compared with in-situ measurements and retrievals from AERONET and MFRSR. This proved to be challenging because of the extreme heterogeneity of the pollution in the Mexico City area. For example, on a northbound flight leg away from the City Center on 19 March 2006, the single scattering albedo generally increased. However, it dropped intermittently, probably when encountering a younger plume. Also, the asymmetry parameter did not generally increase further away from the source, as would be expected for growing particle size associated with water uptake in the course of aging. This leads to the conclusion that the flight track intercepted pollution of variegated origin. Horizontal and vertical heterogeneity might explain the disagreement between our retrievals and AERONET results at T0, for both single scattering albedo and asymmetry parameter. A further complication for direct intercomparison is the strong diurnal pattern in single scattering albedo (Paredes-Miranda et al., 2009) .
The interpretation of spectral single scattering albedo and absorption aerosol optical thickness for MILAGRO is discussed in detail by Bergstrom et al. (2010) who present more cases over ocean and land. In contrast to the new method presented in this study, the Bergstrom algorithm (based on absorbed irradiance only) is not sensitive to (or affected by) the asymmetry parameter. Despite this difference, the retrievals from both algorithms agree within the range of uncertainty. The largest differences occur at near-UV wavelengths, particularly over land where large aerosol absorption is encountered.
Surface albedo retrievals (a by-product, in addition to and g) represent a further application of the algorithm. No significant differences were found to the retrievals by Coddington et al. (2008) and Wendisch et al. (2004) where the aerosol properties are prescribed. Considerable surface albedo heterogeneity occurred in the Mexico City urban region and in its rural surroundings.
The new method encountered problems when the aerosols were too inhomogeneous (for example in spirals where the aircraft intercepted a plume only on one side). For these cases, three-dimensional effects corrupt the retrieval that is based on one-dimensional radiative transfer. Usually, the convergence criteria set for the method were not met for these situations and the two different values for g (from transmitted and reflected irradiance) did not coincide. A further difficulty that affects error analysis is the missing horizontal stabilization of the optical inlets of SSFR. This makes both aerosol measurements and error analysis difficult. Currently, a sizeable fraction of data has to be discarded due to the lack of such a platform for SSFR. For future aerosol missions, we are therefore planning to use stabilized platforms. Furthermore, we will examine three-dimensional effects for both heterogeneous aerosol layers and heterogeneous surface albedo. Since both influence the aerosol forcing efficiency, we are seeking to define an "effective" forcing efficiency that takes these heterogeneous conditions into account.
Generally, the spectral relative forcing efficiencies were surprisingly similar for almost all cases during MILAGRO, and to those encountered during INTEX-NA (Redemann et al., 2006) : They ranged from −30% at 400 nm to −10% at 1000 nm at BOL, and between −10% and 0% at TOL. Exceptions were measurements in extremely polluted areas near pollution sources and two air masses with large, humidified particles over the Gulf of Mexico. The largest forcing efficiency ranges were encountered at near-UV wavelengths. The remarkable similarity of the observations is in contrast with expectations, since the forcing efficiency is a function of surface albedo (e.g., Russell et al., 1997 Russell et al., , 2002 Bierwirth et al., 2009 ). More data (for example, from snow-covered surfaces in the Arctic) will be examined to understand this phenomenon.
